is based on the ability of a high-energy donor fluorophore to transfer energy directly to a lower energy acceptor fluorophore. In FC-FRET, spectral variants of the green fluorescent protein (GFP) that carry out energy transfer are quantified by flow cytometry in living cells. A FRET signal between two GFP variants requires proximity at the Angstrom level and can identify specific protein-protein interactions. This technique could allow the detection of bimolecular interactions between bromodomain proteins in macromolecular complexes and target histones within nucleosomal histone octamers in the intact nuclei of living cells.
Results

FRET Reveals Specific Histone-Nuclear Protein Interactions in Living Cells
To perform FC-FRET analysis, bromodomain proteins were fused to cyan fluorescent protein (CFP) as a donor, and histones were fused to yellow fluorescent protein (YFP) as an acceptor. We first expressed YFP-histone H1 (YFP-H1) or YFP-histone H4 (YFP-H4) in HeLa cells and found that these histones localized to the nucleus during interphase and to chromosomes during mitosis ( Figure 1A ). YFP-H4 was in the nucleosomal fraction and acetylated as efficiently as the endogenous H4 ( Figure  1B ). All other YFP-histones, including mutants used in the present study, were also incorporated into chromatin (data not shown). Thus, ectopically expressed YFPhistones behaved identically to the endogenous histones.
We first tested a bromodomain protein, Brd2 (formerly Ring3) (Denis and Green, 1996) , as an effector molecule that may recognize acetylated histones. Brd2 belongs to the BET family of transcriptional regulators conserved from yeast to humans (Dey et antigen (LANA) of Kaposi's sarcoma-associated herpes-virus, which is known to interact with H1 (Cotter and of coprecipitation assays, since all core histones are precipitated as a complex. Therefore, to identify the Robertson, 1999). A positive FRET signal was observed between CFP-LANA and YFP-H1, but not between CFPresidues on the H4 tail that actually contact Brd2, we performed in vitro peptide-precipitation assays. HeLa LANA and YFP-H4. Also, cells transfected with CFPproteins alone or YFP-histone alone were negative for nuclear extracts were incubated with biotinylated H4 tail peptides, either unacetylated or acetylated at various FRET. Thus, Brd2 interacts with the core histone H4, but not with the linker histone H1, while LANA interacts lysines, and bound complexes were precipitated by biotin-avidin interactions. Endogenous Brd2 selectively with H1, but not with H4. These data show that FC-FRET allows detection of specific bimolecular interactions bebound to tetra-acetylated H4 ( Figure 2D ) and H4 peptides di-acetylated at K5/K12 but not at K8/16 (Figure tween histones and nuclear proteins in the native chromatin. These interactions could not be attributed to 2E). In blocking experiments, unbiotinylated H4 peptides di-acetylated at K5/12 but not K8/16 blocked Brd2 bindoverexpression of the transfected proteins driving spurious interactions, since the amount of YFP-H4 was about ing to tetra-acetylated H4 peptides ( Figure 2E ). Further analysis showed that CFP-Brd2 bound strongly to H4 3% of endogenous H4 whereas the amount of CFP-Brd2 was about 50% of endogenous Brd2 (see Figure 1C peptides acetylated at K12, but very weakly to those acetylated at K8 or K16 (revealed only after long expolegend). Competition between the CFP-labeled Brd2 as well as YFP-labeled histones with large amounts of their sure), and not at all to those acetylated at K5 ( Figure  2F ). In contrast, Brd2 did not bind to H3 peptides unmodendogenous counterparts most likely resulted in the observed population of cells that exhibited FRET of less ified or acetylated at K9 and/or K14 ( Figure 2F ). These results provide strong biochemical validation of our than 100%. In all the FRET analyses performed in the present study, gated cell populations expressing equiv-FRET data and show that Brd2 specifically recognizes acetylated H4 through K12. Indeed, the single amino alent levels of CFP-and YFP-proteins were compared, and threshold lines were drawn to yield Ͻ1% Figure 2B ; and data not shown), indicating that the selective aboliwas incorporated into a stable TFIID complex (data not shown). We found that TAF II 250 produced a significant tion of acetylation at mutated residues accounted for the loss of FRET signal.
FRET signal with H3 as well as H4 and to a lesser extent H2B but not with H2A ( Figure 3C ). Because TAF II 250 has To establish independent evidence for the interaction between Brd2 and acetylated H4 observed with FCa HAT activity and contains a histone recognition site outside the bromodomains (Mizzen et al., 1996) , we FRET, we examined the biochemical association of Brd2 with nucleosomes ( Figure 2C ). Mononucleosomes were tested deletions that removed the HAT region, but retained the bromodomains ( Figure 3B ). The deletions proprepared from HeLa cells expressing FLAG-tagged Brd2 or control FLAG constructs by digesting isolated nuclei duced FRET with H3 and H4 as well as did full length TAF II 250 ( Figure 3C ; and data not shown). It is of note that with micrococcal nuclease. Anti-FLAG antibody coprecipitated nucleosomes containing acetylated H4 from these deletions also lacked the TBP binding surface, and tides acetylated at K14 ( Figure 3E ). We conclude that specific lysine residues of both H3 and H4 are recognized by the TAF II 250 bromodomains in vivo and that TAF II 250 has broader recognition specificity than Brd2.
As the third bromodomain protein, we tested PCAF, a HAT that has a single bromodomain. PCAF produced FRET signals with both H3 and H4 but not H2A or H2B ( Figure 3F ). Peptide-precipitation assays revealed PCAF Figures 2A and 3D Figure 4B revealed that both dependent manner ( Figure 6A ). Interestingly, Ras expression led to a marked increase in H4 acetylation at constructs interacted with H3 as well as H4, demonstrating that the broad specificity of histone recognition is K12 in these cells, the specific residue that promotes Brd2-H4 association ( Figure 6C ). The effect of Ras was an intrinsic property of the TAF II 250 bromodomains. This also indicates that the lack of H3 recognition by Brd2 selective for K12 of H4, in that acetylation levels of K8 on H4 and K9/K14 on H3 remained unchanged. Therewas not due to a potential steric inhibition by the Brd2 structure surrounding the bromodomains. Furthermore, fore, we conclude that the interaction of its bromodomains with acetylated histone H4, especially K12, is substitution of only one bromodomain in Brd2 with one bromodomain from TAF II 250 was found sufficient to conessential for the role of Brd2 in amplifying Ras-mediated cyclin E transcription. fer the ability to recognize H3 upon Brd2 (data not shown).
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